Abstract: This work presents a nano-Al 2 O 3 solid phase extraction technique for the determination of ultra-trace amounts of inorganic selenium species in aqueous systems using ion chromatography inductively coupled plasma-mass spectrometry (IC-ICP-MS). In this experiment, the inorganic selenium species were successfully extracted on a nano-Al 2 O 3 solid phase column and then quantitative eluted with a 100 mmol L -1 NaOH solution. Extraction conditions such as solvent identity, solvent concentration, solvent volume, solvent pH and salt addition were optimized. Under the optimum extraction conditions (elute solvent: 100 mmol L -1 NaOH, solvent volume: 4 mL, pH: 7.0), low detection limits (Se (IV): 6 ng L , R 2 > 0.999) were obtained for all of the analytes. Good spiked recoveries over the range of 80-98% were obtained by applying the proposed method on real environmental water samples. These results indicated that this method is very sensitive and reliable when monitoring trace levels of inorganic selenium species in aqueous samples. Sp. z o.o. 
Introduction
There is growing interest in determining the chemical forms of selenium in an environmental matrix because of the toxic effects of the various species which can be considered as either essential or highly toxic depending on the oxidation state and concentration [1] . Selenium has been recognized as an important element from the perspective of human health and environmental geochemistry because of its essentiality and toxicity [2, 3] . The vast majority of the world's population has a suboptimal Se intake, potentially resulting in several diseases such as cancer and heart disease [4] . The addition of the inorganic species, Se (IV), to chemical fertilizers, animal feeds, veterinary preparations and as a human supplement has increased extensively in Europe, USA and parts of China [5] . Concerns about the toxicity of Se have also been raised, and inorganic form of Se, especially Se (VI) species, is toxic, and studies have shown that higher concentrations of Se (VI) in the environment can cause toxic problems to biota [6] .
The speciation of inorganic selenium has received extensive attention in recent years because selenium is primarily present as inorganic species, i.e., Se (VI) and Se (VI) ions, in water and soil [7, 8] . Recently, ICP-MS has demonstrated its unique abilitity to produce low detection limits and multi-element capacity and has therefore been primarily used for selenium detection [9, 10] . However, some reports have shown that selenium levels are typically <0.5 µg L -1 in most water samples. With the increased environmental interest in selenium speciation has resulted in the modification of analytical methods with the aim to improve analysis to the sub-µg L -1 levels. Various techniques such as hydride generation, solvent extraction, ion exchange and anion column extraction were proposed for the determination of ultra-level selenium in water sample [11] [12] [13] . Our work is focused on developing an easy method to enrich selenium species in water using nano-Al 2 O 3 solid phase extraction followed by IC-ICP-MS analysis.
Experimental Procedure

Instrumentation
The Agilent 1200 liquid chromatography equipped with a binary HPLC pump and IonPac AS11 (250×4.0 mm) was used to separate the inorganic selenium species. Sample injection was performed on a Rheodyne mode 7725i injection valve (Rheodyne, Cotani, USA) with a 100 μL sample loop. The selenium species were separated using 10 mmol L -1 NaOH as the mobile phase with a flow rate of 0.5 mL min -1 . The detection was carried out using an Agilent Model 7500ce quadrupole ICP-MS instrument. The instrument conditions for selenium detection were optimized and described as follows: forward power 1500 W, carrier gas flow rate 0.8 L min -1 , makeup gas flow rate 0.3 L min -1 , and peristaltic pump 0.15 rps.
Reagents
The commercial chemicals were of analytical reagent grade and did not require further purification. Selenite dioxide (SeO 2 ) and sodium selenate (Na 2 SeO 4 ) were obtained from Sigma-Aldrich (Saint Quentin Falavir, France). Stock solutions of selenium standards containing 10mg L -1 of Se were prepared in de-ionized water and stored for no more than one month at 4 o C. Dilute solutions and mobile phases were prepared in deionized water and used immediately.
Nano-Al 2 O 3 solid phase extraction
The nanoscale β-Al 2 O 3 was purchased from Nacheng Corporation in Beijing, China. The primary crystal phase of β-Al 2 O 3 was no less than 99.0 wt% with a particle size ranging from 100 to 200 nm and a specific surface area of 350 m 2 g -1 . Approximately, 0.5 g β-Al 2 O 3 was loaded onto a tube and washed with 5 mL methanol and 10 mL deionized water and then a 200 mL water sample was loaded onto the cartridge. The compounds were washed with approximately 4 mL of 100 mmol L -1 NaOH solution. The elution was stored at 4 o C before injecting into the IC-ICP-MS for analysis.
Results and Discussion
The selection criteria for a suitable solid phase column are a solid phase that could easily be used in the field of analytical chemistry and that the solid phase should have high adsorption capacity. Most important criteria is that the target compounds in water should be retained on the solid phase column. Recently, nano-crystalline material adsorbent has been used in the field of heavy metal remediation in water. In this experiment, nanoTiO 2 , nano-SiO 2 and nano-Al 2 O 3 were used to extract the inorganic selenium species from water. After experiment testing, nano-Al 2 O 3 was selected to retain the inorganic selenium species in water and then the selenium species on the column were re-washed by 100 mmol L -1 NaOH. The analytes were separated and determined by HPLC-ICPMS. The effects of solvent identity, solvent concentration, solvent volume, solvent pH and salt addition were investigated and identified to improve efficiency. The enrichment factor was defined as the ratios of analyte concentration in water sample to analyte concentration in elute solution. The spiking levels of the selenium species and the values of the other parameters were kept constant in each parameter studied. The preferred experimental parameters were 100 mmol L -1 NaOH as elute solvent, 4 mL solvent volume and a pH of 7.0.
Selection of elute solvent
The selection of an appropriate solvent is of high importance for solid phase extraction. Inappropriate solvent type result in a low re-wash efficiency and thus impact on the detection limit of proposed method. Hydrochloric acid (HCl), nitric acid (HNO 3 ), hydrofluoric acid (HF), sodium hydroxide (NaOH) and ammonia solution (NH 3 . H 2 O) were selected for the elute solution and tested for the solid phase extraction procedure to wash the target compounds, shown in Fig. 1 . According to these results, HF, NaOH and NH 3 . H 2 O showed good wash ability, but one drawback to using HF is that it is a corrosive acid. In addition, the presence of NH 3 . H 2 O in wash solvent could result in a matrix effect and contribute to higher noise. Therefore, NaOH was selected as the optimum elute solution.
Effects of solution concentration
In a SPE system, the washing solution concentration through the packed bed column is a very important parameter for controlling the enrichment factor and analysis. Using the column procedure, the effect of solution concentration on adsorption of inorganic selenium ions were studied under optimum conditions Determination of ultra-trace amounts of inorganic selenium species in natural water by ion chromatography-inductively coupled plasma-mass spectrometry coupled with nano-Al 2 O 3 solid phase extraction by passing 200 mL of a standard solution through the column with a peristaltic pump. The influence of the NaOH concentration on the recoveries was performed in the range of 20-100 mmol L -1 . During the variation of this concentration, the other experimental variables remained constant. The results demonstrated that by increasing the NaOH concentration up to 100 mmol L -1 , the recoveries increased to maximum, and then no variation was observed (Fig. 2) . Therefore, the concentration of 100 mmol L -1 was selected as optimum washing solution concentration.
Effects of elute solution volume
The effect of solution volume is another important factor in evaluating the enrichment factor of nano-Al 2 O 3 solid column to inorganic selenium ions. To examine the effect of the elute solution volume on the inorganic selenium species, solutions containing different NaOH volumes (from 1.0 to 4.0 mL) were subjected to the same solid phase extraction. In line with results, the enrichment factors decreases with increasing the NaOH volumes (Fig. 3) . Thereby, an improvement in sensitivity was achieved by using 4 mL of the NaOH solution.
Effects of pH
There are many chemical variables that affect the absorption characteristics, stability, and hydrolysis of metal ions in water. Among these variables, pH was the most influential and, therefore, should be investigated. The influence of pH on the absorption characteristics of inorganic selenium ions was studied over a pH range between 2-11 and an initial concentration of 2 ng mL −1 (Supplementary Fig. 1 ). The initial pH was adjusted using a 0.01 M HCl or a 0.01 M NaOH solution. The effect of the solution pH on absorption of selenium ions was insignificant. However, in the pH range between 2.0 to 5.0 there was a large decrease in the compound absorption. The absorption value was decreased by 60% when pH reduced from 5.0 to 2.0. A similar behavior was observed when the pH was increased from 10.0 to 11.0. There was no variation in the inorganic selenium ions absorption over the pH range (7.0-9.0). As a result, a pH of 7.0 was selected to be the optimum value for measuring the absorption of selenium in solution.
Effects of salt concentration
The effect of commonly occurring salt ions present in real samples on the adsorption of inorganic selenium ions have been studied using a batch procedure. Consequently, salt influences exhibited in the results with a presence of 0-3% (w/v) NaCl had no significant effect on the recoveries (Supplementary Fig. 2 ). 
Analytical performance
For the statistical characterization of the developed method, various concentrations of selenite and selenate standards were performed. Over the whole investigation concentration range, a good linearity (r = 0.9998, 0.9990) between the signal response and the analyte concentration was found. The reproducibility for the whole procedure, given as the relative standard deviation, was 4.5% and 3.8% for selenite and selenate respectively. The limit of detection (LOD) was 6 ng L -1 for selenite and 11 ng L -1 for selenate respectively, based on the signal to noise (S/N) of 3 ( Table 1) . Remarkable enrichment factors of 50 were achieved for the nanoAl 2 O 3 solid phase extraction.
Application of this method
The method was applied for the determination of inorganic selenium species in tap, well and mineral water samples. The results are shown in Table 2 . Fig. 4 displays the chromatograms obtained for standard solution and mineral water sample. The recoveries were in the range of 80%-98%. A comparisons of the preconcentration methods are listed in Table 3 and suggest that the liquid extraction method requires more chemical agents and time-consuming pretreatment procedures. The detection limits of the inorganic selenium species reported in this literature are lower than previous work [14] [15] [16] [17] .
Conclusion
In this study, a nano-Al 2 O 3 material was successfully applied to solid phase extraction, pre-concentration of inorganic selenium ions in real water and analyzed by IC-ICPMS. The nano-Al 2 O 3 adsorbent was found to be a perfect extractant for pre-concentration of trace levels of inorganic selenium ions. With the aid of the nano-Al 2 O 3 adsorbent and ICP-MS detection, the selenium compounds were reproduced with detection limits of 6 ng L -1 , 11 ng L -1 and linear ranges between 0.5 -100 ng L -1 for Se (IV) and Se (VI), respectively. The proposed method was simple, with a low detection limit for inorganic quantification in reservoir water.
Compounds
Calibration curve Linear range/ng mL -1 Table 2 . Recoveries of selenium species in spiked water samples (ng mL -1 ).
Relation coefficient
(*average, n=3)
Methods
Detection limits (ng m L -1 ) Reference
Hollow fiber liquid phase microextraction-HPLC Se (IV): 0.02 [14] Solid phase exraction ICP-OES Se (VI). 0.10 [15] Liquid liquid microextraction GF AAS Se (VI) 0.05 [16] L-methionine immobilised on controlledpore glass FI-HG-ICP OES Se (IV): 0.011Se (VI):0.023 [17] Solid phase extraction HPLC-ICPMS Se (IV):0.006Se (VI):0.011 This work ) and mineral water sample.
